Cell migration requires dynamic regulation of cell-cell signaling and cell adhesion. Both of these processes involve endocytosis, lysosomal degradation, and recycling of ligand-receptor complexes and cell adhesion molecules from the plasma membrane. Neural crest (NC) cells in vertebrates are highly migratory cells, which undergo an epithelialmesenchymal transition (EMT) to leave the neural epithelium and migrate throughout the body to give rise to many different derivatives. Here we show that the v-ATPase interacting protein, Rabconnectin-3a (Rbc3a), controls intracellular trafficking events and Wnt signaling during NC migration. In zebrafish embryos deficient in Rbc3a, or its associated v-ATPase subunit Atp6v0a1, many NC cells fail to migrate and misregulate expression of cadherins. Surprisingly, endosomes in Rbc3a-and Atp6v0a1-deficient NC cells remain immature but still acidify. Rbc3a loss-of-function initially downregulates several canonical Wnt targets involved in EMT, but later Frizzled-7 accumulates at NC cell membranes, and nuclear B-catenin levels increase. Presumably due to this later Wnt signaling increase, Rbc3a-deficient NC cells that fail to migrate become pigment progenitors. We propose that Rbc3a and Atp6v0a1 promote endosomal maturation to coordinate Wnt signaling and intracellular trafficking of Wnt receptors and cadherins required for NC migration and cell fate determination. Our results suggest that different v-ATPases and associated proteins may play cell-type-specific functions in intracellular trafficking in many contexts.
Introduction
The epithelial-mesenchymal transition (EMT) is characterized by loss of epithelial cell adhesion, dynamic expression and subcellular localization of cell-cell adhesion molecules, and increased cell motility [1] . EMT is a hallmark of cancer metastasis [2] and of many cell populations during embryogenesis. Neural crest (NC) cells in vertebrate embryos undergo a classic EMT to separate from the neural ectoderm [3] and become highly migratory progenitor cells, which give rise to a wide variety of cell types including cartilage and bone of the craniofacial skeleton, peripheral neurons/glia, and pigment cells [4] . NC cells initiate EMT in response to a variety of external signals, but how these are integrated spatially and temporally to give rise to different NC cell populations is poorly understood.
Proper timing of signal transduction [5] and dynamic expression and subcellular localization of adhesion molecules is required for NC EMT and migration [6] [7] [8] [9] . Secreted Wnt ligands bind to Frizzled (Fz) receptors to promote canonical Wnt signaling by stabilizing B-catenin (Bcat) in the cytosol and allowing it to translocate to the nucleus and regulate target gene expression [10] .
In NC cells this promotes EMT through downstream gene targets such as the transcription factors Snail [11] , Slug [12] , and Twist [13] . These transcription factors regulate many of the cellular changes required for EMT such as downregulation of epithelial cadherins (e.g., Ecad, Ncad) and subsequent upregulation of more ''mesenchymal'' cadherins (e.g., Cdh6, Cdh7) [6] . Disrupting Wnt signaling prior to EMT prevents NC delamination and migration in chick [14] , and reducing expression of Snail or Twist1 prevents early NC migration in Xenopus [15] . Canonical Wnt signaling also determines trunk NC cell fate at later stages by driving a pigment progenitor fate at the expense of neuronal/glial fates, both in zebrafish [16] and mouse [17] .
Endocytosis and intracellular trafficking of Fz modulates Wnt signaling [18, 19] . Moreover, formation of endocytic vesicular compartments containing Wnt-bound Fz receptors, termed ''signalosomes,'' can impact the intensity and response of the Wnt signal within a cell [20] . Regulation of endosomal pH can also attenuate Wnt and other signaling pathways. Intracellular vesicles acidify by the recruitment and activity of the vacuolarATPase (v-ATPase) complex, which pumps protons into the lumen of vesicles, lowering their pH. Adaptor proteins such as Prorenin
Receptor recruit the v-ATPase complex to endosomes containing Fz and its co-receptor LRP5/6 and regulate Wnt signaling through modulation of intracellular pH [21] .
Rabconnectin-3a (Rbc3a) is a large, ,325 kDa protein, highly conserved in multicellular organisms, which associates with its obligate binding partner, Rbc3b, and subunits of the v-ATPase complex [22, 23] . Studies in Drosophila embryos and murine cell culture have shown that Rbc3a and Rbc3b are required for proper lysosomal acidification and regulation of the Notch signaling pathway [24, 25] . In these cases, Rbc3a is required for v-ATPase function in endosomes/lysosomes and lowers their luminal pH. Low vesicular pH is necessary for c-secretase activity in the lysosome, which cleaves the Notch receptor and allows translocation of the Notch intracellular domain to the nucleus to promote downstream Notch signaling. Mutations in rbc3a in zebrafish reduce synaptic vesicle acidification in hair cells, leading to aberrant responses to acoustic stimuli at 5 d postfertilization (dpf) [26] . Rbc3a promotes the polarized colocalization of the Atp6v0a1 (V0a1) and Atp6v1a1 (V1a1) v-ATPase subunits within these hair cells, allowing the acidification of synaptic vesicles required for optimal synaptic function.
However, v-ATPase subunits have other functions in cells besides vesicle acidification. For example, in microglial cells in the zebrafish central nervous system, disruption of the v-ATPase subunit isoform V0a1 causes a failure of autophagosomes to mature and fuse, but they acidify normally [27] . Additionally, when the fly ortholog of the V0a1 subunit, vha100-1, is deleted in fly photoreceptors, early endocytosis and recycling are disrupted, but endosomes still acidify [28] . Thus v-ATPase subunits may alter cell-cell signaling, such as Wnt signaling, through acidificationindependent mechanisms, which may be shared with other partner proteins associated with intracellular vesicles such as Rbc3a.
Here we show that both zebrafish Rbc3a and V0a1 control intracellular trafficking events required for Wnt signaling during NC migration. rbc3a is highly expressed in premigratory NC cells. Embryos deficient in Rbc3a or V0a1 show NC-specific defects in endosomal maturation, expression of pro-EMT genes, and subsequent migration, which are acidification-independent. Wnt signaling is initially downregulated in these embryos but later rebounds, which correlates with the fact that unmigrated NC cells in Rbc3a-deficient embryos become pigment progenitors and not other NC cell types. We propose that Rbc3a promotes maturation and fusion of endosomes to regulate Wnt signaling in NC cells by altering the intracellular trafficking of receptors.
Results

rbc3a Is Expressed in Premigratory NC
Zebrafish rbc3a, also annotated dmxl2, was identified in a microarray screen with tfap2a/g-deficient embryos at 12 hpf, which completely lack NC cells [29] . The full-length open-reading frame (ORF) of rbc3a was cloned from 12 hpf D. rerio cDNA (Genbank No. KF147926). Zebrafish rbc3a expression was described in larval hair cells, but earlier embryonic expression and function was not examined [26] . Whole mount in situ hybridization first detected rbc3a expression on the dorsal side of the gastrula (6 hpf), including the shield organizer ( Figure 1A ). By 11.5 hpf, expression was strong in the premigratory NC, first in the cranial region ( Figure 1B-E) , and by 15 hpf along the entire trunk and tail NC ( Figure 1F ,H). Expression was also detected in the tailbud ( Figure 1C 
Rbc3a Knockdown Disrupts Migration of a Subset of NC
Knockdown of rbc3a via microinjection of a translation-blocking rbc3a antisense morpholino oligonucleotide (rbc3a-MO1; 2.0 ng/ embryo) targeted to the 59 UTR produced a shortened, kinked tail and disrupted morphology of the midbrain-hindbrain boundary (MHB) at 24 hpf ( Figure 2B ,E). Zebrafish embryos homozygous for the rbc3a mutant allele stardust (rbc3a Q850X ) showed similar tail curvature and MHB defects ( Figure 2C ). By 72 hpf, both mutant and rbc3a MO1-injected embryos exhibited defects in melanocyte pigmentation, particularly in the trunk and tail, a kink at the head/ trunk boundary, and shortened, curved tails with reduced ventral tail fins ( Figure S1 ). rbc3a-MO1 injections into transgenic Tg(7.2 kb-sox10:gfp)-hereafter referred to as sox10:gfp-embryos (which labels NC cells) revealed GFP+ dorsal midline cell aggregates at 24 hpf, which appeared to be NC cells that failed to migrate ( Figure 2D-E9 ). Coinjection of 100 pg/embryo of full-length, in vitro transcribed rbc3a mRNA with rbc3a-MO1 significantly reduced the number of NC cells remaining in the dorsal midline ( Figure S2 ). Injection of a second, translation-blocking MO targeting the first ATG in the ORF of rbc3a (rbc3a-MO2, 5 ng/embryo) produced similar defects in the distribution of sox10:GFP+ cells ( Figure S3 ; Table S1 ; n = 35/41 embryos; X 2 = 47.5, p%0.001), which were also partially rescued by co-injection with full-length rbc3a mRNA, confirming specificity (Table S1 ; n = 11/21, X 2 = 9.94, p = 0.0016). Similar controls with rbc3a-MO2 were not performed for subsequent experiments. Hereafter, unless otherwise noted, all Rbc3a knockdown experiments were performed with the rbc3a-MO1. Additionally, injection of a truncated Xenopus tropicalis rbc3a DNA construct (Open Biosystems, Accession No. BC127555) missing the 39 ,2,200 bp, which contains several predicted WD40-repeat domains, into sox10:gfp embryos produced similar NC migration defects ( Figure S4 ). Co-injection of this construct
Author Summary
The neural crest is a highly migratory population of embryonic cells, which requires Wnt signaling at several stages to promote migration and cell fate decisions. Intracellular trafficking of Wnt receptors and associated proteins can affect the timing and intensity of Wnt signaling. An obvious question is whether proton pumps and/or their partner proteins that are associated with intracellular vesicles might have a role in intracellular trafficking, Wnt signaling, and cell migration/adhesion. In this study we demonstrate such a role for Rabconnectin3a, a protein associated with the vacuolar-ATPase (vATPase) proton pump complex. Loss of Rabconnectin-3a in zebrafish embryos disrupts the maturation of endocytic vesicles in neural crest cells, which has two effects: (1) decreasing Wnt signaling in these cells before migration and (2) increasing Wnt signaling after migration. Prior to migration, endosomes that fail to mature reduce Wnt signaling in neural crest cells and disrupt the localization and expression of cadherins, membrane-bound cell adhesion molecules required for these cells to initiate an epithelial-mesenchymal transition. At later stages, however, Wnt receptors accumulate at the membranes of unmigrated neural crest cells due to defective endocytosis, which correlates with high levels of Wnt signaling. Interestingly, Rabconnectin-3a-deficient neural crest cells that fail to migrate become pigment cells, presumably due to elevated Wnt signaling. Rabconnectin-3a may have a conserved role in endosomal maturation, Wnt signaling, and cell migration in many other cell populations.
with subthreshold levels (1.0 ng/embryo) of rbc3a-MO1 had a synergistic effect, causing larger numbers of dorsal NC aggregates per embryo, suggesting that it acts as a dominant negative.
To determine if cells that aggregate in the dorsal midline of embryos injected with rbc3a-MO1 were NC cells that failed to migrate, we performed time-lapsed confocal imaging of control and rbc3a-MO1-injected sox10:gfp embryos. Early premigratory NC appeared to form normally at 12 hpf and began to extend filopodia in rbc3a-MO1-injected embryos, but by 16 hpf, many of these cells remained in distinct patches of GFP+ cells at the dorsal midline that were never seen in wild-type, sox10:gfp controls (Movies S1 and S2 and Figure S5 ). In contrast to wild-type NC cells (3 embryos, n = 12), NC cells in rbc3a-MO1-injected embryos (3 embryos, n = 11) showed significant reductions in migration speed ( Figure S5M , p,0.001) and directionality/persistence ( Figure S5N , p,0.01-distance between initial and final cell position divided by the total distance traveled). These results suggest that NC cells in rbc3a-MO1-injected embryos are motile, albeit at significantly reduced velocity, and fail to migrate directionally.
To determine if Rbc3a is required cell autonomously in NC cells, we transplanted rbc3a-MO1-injected, sox10:lyn-tdtomato donor cells into wild-type hosts. A significant number of chimeras displayed midline NC aggregates (n = 9/17 embryos) compared to wild-type donor cells (n = 0/30; Chi-squared test-X 2 = 12.48, p, 0.001), indicating a cell-autonomous requirement for Rbc3a in NC ( Figure S9D) .
To determine the identities of NC cells that remain at the midline in rbc3a-MO1-injected embryos, we performed whole mount in situ hybridization with probes for different NC lineages in both rbc3a-MO1-injected embryos and rbc3a mutants. At 28 hpf, dorsal midline NC aggregates in these embryos expressed melanophore (mitfa) and xanthophore (gch) progenitor markers ( Figure 2L -Q), but did not express markers for skeletogenic ( Figure 2F -H, dlx2) or gliogenic ( Figure 2I -K, foxd3) NC cells. These data suggest that the NC cells that fail to migrate in rbc3a-MO1-injected embryos and rbc3a mutant embryos become specified as pigment cells.
Rbc3a Knockdown Disrupts Endocytosis But Not Endosome Acidification in NC
Rbc3a is known to associate with the v-ATPase complex and regulate lysosomal acidification in cells. Therefore, we examined the effects of Rbc3a knockdown on intracellular vesicle formation, acidification, and trafficking. In this case, we used Tg(7.2 kbsox10:lyn-gfp)-hereafter referred to as sox10:lyn-gfp-trangenics, in which a membrane-localized variant of GFP was expressed in NC cells to avoid obscuring their intracellular organelles. Injection of rbc3a-MO1 led to the formation of large, clustered early endosomes within NC cells (n = 23 embryos), as determined by immunohistochemical staining with an antibody that recognizes Early Endosome Antigen 1 (EEA1) ( Figure 3A-B9) . However, surprisingly, these cells showed decreases in late endosomal/lysosomal size and number (n = 21 embryos), based on staining for Lysosomal Associated Membrane Protein 1 (LAMP1) (Figure 3C-D9 ). Automated analysis of intracellular EEA1 and LAMP1 staining in NC cells with ImageJ confirmed a significant increase in the percent area per NC cell stained positive for EEA1 in rbc3a-MO1-injected embryos ( Figure 3E , p,0.001, n = 53 cells) with a corresponding decrease in LAMP1+ area ( Figure 3E , p,0.001, n = 49 cells). Additionally, the average size of EEA12, but not LAMP12, stained intracellular particles was significantly larger in NC cells in rbc3a-MO1-injected embryos ( Figure 3F , p,0.001). EEA1+ vesicles in midline NC cell aggregates increased in number and size in rbc3a-MO1-injected embryos over time, from 14 to 20 hpf, whereas these cells showed no difference in vesicle morphology using markers for recycling endosomes (antibody against Rab11a, Figure S6 ) or exocytic vesicles (antibody against Rab3ab, not shown). These results are in contrast to studies of Rbc3a orthologues in Drosophila embryos and murine cell culture [24, 25] , where it is required for lysosomal morphology and acidification, and suggest instead that zebrafish Rbc3a plays a role in early endosome maturation.
Rbc3a is required for lysosomal acidification in many cells through its interactions with v-ATPase subunits. To measure vesicle acidity in NC cells following rbc3a-MO1 injection, the fixable vital dye Lysotracker Red DND-99 (Invitrogen), which labels acidic (pH,5.5) vesicles and lysosomes, was applied to sox10:gfp transgenics at 24 hpf. rbc3a-MO1-injected embryos showed an increase in number of large, Lysotracker-Red+ (Lyso+) intracellular vesicles in NC cells, most dramatically in NC cell aggregates at the dorsal midline ( Figure 3H , n = 18 embryos) but also in some migrated NC cells within the pharyngeal arches ( Figure S7B0 ). Automated analysis of intracellular Lysotracker staining in NC cells with ImageJ revealed a significant increase in percent area of cells ( Figure 3E , p,0.001, n = 49 cells) and average particle size stained positive for Lysotracker ( Figure 3F , p,0.001) in rbc3a-MO1-injected versus wild-type sox10:gfp embryos. Most Lyso+ vesicles in rbc3a-MO1-injected embryos co-localized with EEA1 ( Figure 3I -J9, n = 12 embryos) but not LAMP1 staining ( Figure 3K -L9, n = 11 embryos), suggesting the presence of abnormally large early endosomes or clusters of early endosomes, which were acidified. These results suggest that Rbc3a is required for endosome formation and maturation but not for their acidification. . No increase in number or size of LAMP1+ vesicles was observed with rbc3a-MO1 injection. (E, F) Automated quantification of average % area (E) and average particle size (F) per NC cell stained positive for EEA1, LAMP1, or Lysotracker Red (Lyso) using ImageJ Particle Analyzer. rbc3a-MO1 injection produced significantly higher EEA1+ and Lysotracker+ relative area and particle size but significantly smaller LAMP1+ relative area and particle size per NC cell. Error bars represent 6 SEM. (G, H) Live whole-mount images of sox10:gfp+ NC cells labeled with Lysotracker (red). rbc3a-MO1-injected embryos show many large, acidic Lyso+ vesicles, which colocalize with EEA1 (I9,J9, white arrows) but not LAMP1 (K9, L9). ** p,0.001, *** p,0.0001. Scale bar, 10 mm. doi:10.1371/journal.pbio.1001852.g003
Rabconnectin-3a Regulates Neural Crest Migration PLOS Biology | www.plosbiology.orgv-ATPase Subunit Isoform V0a1 Knockdown Phenocopies Rbc3a Depletion Rbc3a promotes association of v-ATPase subunits. Loss of the v-ATPase subunit isoform ATP6V0A1 (v0a1) in zebrafish microglia [27] or the Drosophila ortholog vha100-1 in photoreceptors [28] produces a subcellular defect similar to our results with rbc3a-MO1 injection: that is, aggregation of early endosome/ phagosomes that do not mature but still become acidified. Additionally, co-IP experiments with mouse Rbc3a show specific interactions with V0a1 but not other V0a subunit isoforms [23] . Therefore we tested requirements for V0a1 in vesicle trafficking and acidification during early NC migration.
Injection of sox10:gfp embryos with a previously described translation-blocking v0a1-MO [27] caused a dose-dependent increase in dorsal midline aggregates of GFP+ cells, similar to rbc3a-MO1-injected embryos ( Figure 4B ,C, n.45 for each treatment). These v0a1-deficient NC cells also exhibited increased size and numbers of EEA1+ vesicles at 24 hpf ( Figure 4E,E9 ). Automated analysis of intracellular EEA1 and LAMP1 staining in NC cells with ImageJ confirmed a significant increase in the percent area per cell stained positive for EEA1 in V0a1-deficient embryos ( Figure 4H , p,0.001, n = 53 cells) but a significant decrease in percent area of cells stained positive for LAMP1 ( Figure 4H , p,0.001, n = 61 cells). Additionally, the average size of EEA1+ particles was significantly larger and LAMP1-stained particles were significantly smaller in V0a1-deficient embryos ( Figure 4I , p,0.001 in both cases).
Interestingly, knockdown of V0a1 produced enlarged Lyso+ vesicles in NC cells similar to those in rbc3a-MO1-injected embryos ( Figure 4G,G9) . Quantification of Lyso+ staining in NC cells confirmed a significant increase in relative area stained per NC cell in v0a1-deficient embryos compared with controls ( Figure 4H , p,0.001, n = 69 cells). The average particle size of Lyso+ particles was also significantly larger in NC cells in v0a1-MO-injected embryos ( Figure 4I , p,0.001). Taken together, these data suggest Rbc3a and V0a1 act together to regulate endocytosis and NC cell migration.
Rbc3a or V0a1 Knockdown Disrupts Wnt Signaling During Early NC Migration
Endocytosis and intracellular vesicle acidification have important roles in modulating cellular signaling pathways, including canonical Wnt signaling [18] . Because Wnt signaling influences NC induction, migration, and lineage specification [14, 16, 30] , we examined changes in expression of several direct downstream targets of canonical Wnt signaling, which have roles in NC migration ( Figure 5A ). Quantitative PCR from whole embryos following injection of rbc3a-MO1 revealed significant reductions in expression of gastrulation brain homeobox 2 (gbx2) and snail2 (snai2) compared to wild-type, at 11 hpf (p = 0.017 and p = 0.008, respectively), which returned to normal levels by 13 hpf (p = 0.0097 and p = 0.0043, respectively). twist1a, a downstream target of gbx2 and snai2 transcription factors, was also significantly downregulated at 12 hpf (p,0.001) and this recovered by 14 hpf (p = 0.011). Decreases in gbx2, snai2, twist1a, and axin2 were confirmed with in situ hybridization ( Figure S8A-H) . Additional direct canonical Wnt targets, including axin2 and nmyc, were significantly downregulated at 13 hpf ( Figure S8I , p = 0.006, p = 0.011, respectively) and nmyc and axin2 expression returned to control levels by 14 hpf (p = 0.0011) and 15 hpf (p = 0.040), respectively. Interestingly, by 24 hpf, both axin2 (1.2060.08-fold increase, p = 0.004) and lef1 (1.9960.28-fold increase, p = 0.022) expression levels were significantly higher in rbc3a-deficient embryos than in controls. rbc3a-MO1 injection also significantly increased mitfa expression at 24 hpf (2.2960.10-fold increase, p, 0.001).
To confirm these changes in Wnt signaling specifically in NC, we examined the subcellular localization of Bcat in response to rbc3a-MO1 injection in NC cells using a Bcat antibody in sox10:lyngfp transgenics. At 11 hpf, prior to NC migration, Bcat colocalized significantly more with GFP+ NC cell membranes in rbc3a-MO1-injected embryos compared to controls, where the protein localized more to nuclei based on colocalization with DAPI ( Figure 5B-C0, Figure S9A , n = 13 embryos, p,0.001). This difference was also seen in V0a1 knockdown embryos at 11 hpf (p = 0.038) (Figure S10B-B0) . At 14 hpf, there was not a significant difference in the nuclear localization of Bcat in rbc3a-MO1-injected and wild-type NC cells. By 24 hpf, when most NC cells have already migrated in wild-type embryos, the situation appeared to be reversed-Bcat was largely at the membrane in control NC cells and significantly more nuclear in NC cells in rbc3a-MO1-injected embryos ( Figure 5D -E0, Figure S9A , n = 15 embryos, p,0.001) as well as v0a1-deficient embryos ( Figure  S10D 
Rbc3a Knockdown Disrupts Subcellular Localization of Fz7
Endocytosis of Fz receptors is required for their turnover and degradation, as well as in some cases to concentrate Wnt-bound Fz receptors in so-called signalosomes, which enhance Wnt signaling [20, 31] . To examine if Rbc3a and/or V0a1 depletion alters the endocytosis and/or subcellular localization of Wnt receptors, mRNA encoding an N-terminal tagged zebrafish frizzled7b (fz7-yfp, [32] ) was injected into Tg(7.2 kb-sox10:lyn-tdtomato) transgenics, controls, and embryos injected with rbc3a-MO1 and later detected using an anti-GFP antibody ( Figure 5F-J) . In contrast to controls, Fz7-YFP was significantly more abundant at the membranes of NC cells in rbc3a-MO1-injected embryos, particularly in dorsal aggregates of unmigrated cells at 20 hpf ( Figure 5I ,I9, Figure S9B , n = 7 embryos, p,0.001). Intensity measurements of YFP staining at the membrane and cytosol of NC cells showed a significant increase in the amount of Fz-YFP localized to the membrane in rbc3a-MO1-injected embryos at 20 hpf compared to wild-type ( Figure S9B , p,0.001, n = 34 cells). This suggests that disruption of rbc3a prevents proper degradation and turnover of Fz7 receptors in NC cells, which could partially account for the elevated Wnt signaling in these cells.
Rbc3a Depletion Alters Cell-Cell Adhesion Molecule Expression in NC
Regulation of cell-cell adhesion molecules, such as cadherins, is necessary for proper EMT and migration of NC cells. Snai2 directly represses E-cadherin (Ecad) [33] and regulates the transition from ecad to ncad expression [34] . During EMT and early migration, ecad is down-regulated and ncad up-regulated in response to canonical Wnt signaling in NC cells as they delaminate and become motile. With qPCR analysis of mRNA levels ( Figure 6A ) at 12-13 hpf in rbc3a-MO1-injected embryos, we found that ecad expression was significantly reduced (p,0.001) compared with controls and by 15 hpf ncad expression was significantly reduced (p = 0.002). Cadherin-11 (Cdh11) is a canonical Wnt target expressed throughout NC migration but must be tightly regulated as its overexpression prevents NC migration [35] . We found that cdh11 expression was up-regulated in rbc3a-MO1-injected embryos ( Figure 6A , p = 0.028). The timing of reduction in ncad expression and up-regulation of cdh11 in rbc3a-MO1-injected embryos correlates with the initial decreases in canonical Wnt targets ( Figure 5A ). To determine if Rbc3a also regulates the subcellular localization of cadherins, we performed immunohistochemical staining for Ncad. Similar to our qPCR results, Ncad abundance at NC cell membranes was not significantly different than wild-type embryos at 11 hpf ( Figure 6B -C9, Figure S9C ). The reduction in abundance of Ncad was significant by 14 hpf in NC but not adjacent cells ( Figure 6D -E9, n = 12 embryos, p,0.001) and remained reduced at 24 hpf in NC cells of rbc3a-MO1-injected embryos ( Figure 6F -G9, n = 11 embryos, p,0.001). Thus, in addition to Wnt signaling defects, rbc3a-deficient NC cells also display changes in cadherin expression levels during EMT and early migration, possibly contributing to their inability to delaminate from the neural tube and migrate.
Discussion
NC cells in embryos deficient in either rbc3a or v0a1 accumulate large EEA1-positive, acidified endosomes and decreased late endosomes/lysosomes, which we interpret as a block in endosomal processing. Previous work has shown that various V0a isoforms confer targeting of v-ATPase to specific subcellular compartments, while binding partners of V0a such as Rbc3a and its orthologues regulate assembly and/or activity of v-ATPase. Endosomal processing defects in rbc3a/v0a1-deficient NC cells resemble those seen in Drosophila photoreceptors, zebrafish microglia, and mouse embryonic fibroblasts lacking V0a1, all of which develop large acidified endosomal aggregates [27, 28, 36] . In other cell types, however, such as fly ovarian follicle or wing disc cells, or mammalian osteoblasts [24] [25] [26] , Rbc3a and V0a1 control organelle acidification by regulating v-ATPase activity. Although Immunostaining with an anti-Bcat antibody (red) in whole-mounted, sox10:lyn-gfp transgenic embryos to label NC cell membranes (green) and DAPI to label nuclei (blue). Bcat levels in the nucleus are (B-C0) reduced in rbc3a-MO1-injected embryos at 11 hpf and (D-E0) elevated in the nucleus of MO-injected embryos at 24 hpf compared with wild-type (WT) controls. Scale bar, 10 mm. (F, G) Dorsal images of tcf:gfp Wnt reporter transgenic fish at 24 hpf identifies distinct aggregates of GFP+ cells (white arrowheads) in the dorsal midline of rbc3a-MO1-injected embryos (G) but not wild-type (F) embryos. Mhb, midbrain-hindbrain boundary; ot, otic vesicle. Scale bar, 100 mm. (H-K9) Immunohistochemical staining for GFP (green) after microinjection of fz7-yfp mRNA in sox10:lyn-tdtomato (red) transgenic embryos. At both 11 hpf (H-I9) and 24 hpf (J-K9), the number of YFP+ puncta per cell increased in NC cells in rbc3a-MO1-injected embryos. YFP colocalizes with tdTomato at the membranes of NC cells in rbc3a-MO1-injected embryos at 24 hpf (K9). Scale bar, 10 mm. doi:10.1371/journal.pbio.1001852.g005
Rabconnectin-3a Regulates Neural Crest Migration PLOS Biology | www.plosbiology.orgacidification defects were not observed in NC cells of rbc3a or v0a1-deficient zebrafish embryos, V0a1 does regulate intracellular acidification of zebrafish hair cells of the lateral line [26] . Thus, deficiency of V0a1 in the same organism (zebrafish) causes different phenotypes (i.e., endosomal processing versus acidification defects) depending on the cell type examined.
Such cell-type specificity in V0a subunits is not unprecedented. Fly ovaries express high levels of the v0a2 subunit homolog and low levels of v0a1 [37] . The v0a3 subunit is expressed specifically in mammalian osteoclasts [38] . Both V0a1 and V0a2 isoforms regulate both endocytosis and storage of neurotransmittercontaining vesicles, rather than just exocytosis [39] . Rbc3a resides in synaptic vesicles in mammalian neurons [40] and drives colocalization of V0a1 and V1a1 subunits in zebrafish hair cells [26] . Thus, V0a1/2 subunits can control vesicle uptake and storage in addition to their better-known roles in lysosomal acidification and may do so together with Rbc3a in many other cell types.
One possible explanation for the ability of endosomes to acidify in certain cell types deficient in Rbc3a and/or V0a1 likely relates to differences in binding partners for V0a1 and/or multiple isoforms of V0a that may exist in various cell types. For example, Drosophila V0a1 binds to a syntaxin necessary for endosomal membrane fusion, which likely explains why Drosophila photoreceptors deficient in V0a1 exhibit an early endosomal processing defect [28] . In addition, elegant studies in Drosophila have dissociated the regulation of endosomal processing from that of vATPase-activity in V0a1 [28] . V0a1 is not required for lysosomal acidification in mouse embryonic fibroblasts or rat PC12 cells [36] . Our results suggest that Rbc3a and V0a1 regulate endosomal fusion but not acidification by v-ATPase in NC cells ( Figure 7A) .
Our results further suggest that abnormal endosomal maturation alters Wnt signaling in NC cells lacking Rbc3a and V0a1. Canonical Wnt signaling requires endocytosis, and intracellular vATPase-mediated acidification is necessary for phosphorylation of the Wnt receptor LRP6 [20] . Regulation of endocytosis and vATPase activity by Rbc3a/b also plays a critical role in Notch signaling [24, 25] . Mounting evidence suggests that signal transduction via multiple cell surface receptors must occur in endosomal signaling protein complexes or ''signalosomes'' [31, 41] . Signalosomes allow coordinated regulation of receptor signaling, recycling, and/or degradation in a regulated microenvironment. We hypothesize that a reduction of Rbc3a and V0a1 disrupts signalosome function and interferes with Wnt signaling in NC cells. During early NC development, we observed increased cell surface staining of Bcat and reduced expression of multiple canonical Wnt target genes. During later stages of development, however, we observed a paradoxical increase in Wnt signaling in midline NC aggregates that failed to migrate. These nonmigrating midline NC aggregates showed increased cell surface Fz staining, increased nuclear Bcat staining, up-regulation of Wnt target genes, and became specified as pigment cells, which is known to be driven by canonical Wnt signaling [16] . Impaired lysosomal function and a build-up of endosomes can increase Wnt signaling [42] . Other Fz receptors and components of canonical Wnt signaling known to accumulate in endosomal bodies, such as GSK3B [31] , may also contribute to this elevation in Wnt signaling. The early reduction and later increase in Wnt signaling in NC cells caused by Rbc3a and V0a1 deficiency may be secondary to differential expression of other signalosome components or other mechanisms of Wnt signaling that occur at different stages of embryogenesis ( Figure 7B ).
Changes in Wnt signaling, as well as endocytosis and Fz receptor localization, in response to Rbc3a knockdown appear to be NCspecific. Rbc3a-deficient NC cells display both reduced migration velocity and persistent directionality. Additionally, transplanted Rbc3a-deficient NC cells fail to migrate in a wild-type host. These observations and the specific expression of rbc3a in premigratory NC cells suggest a cell autonomous role for Rbc3a in NC development.
Both canonical (Bcat/Tcf-dependent) and noncanonical (PCP, Ca 2+ -dependent) Wnt signaling plays important roles in NC development [43] , but several lines of evidence suggest that the main requirements for Rbc3a are in canonical signaling. First, rbc3a expression is highly enriched in NC cells prior to migration, when they require canonical Wnt signaling for induction and EMT, but not during later stages of migration, when noncanonical signaling has been implicated [44] . Second, loss of Rbc3a leads to specific defects in pigment cells, which are induced by canonical Wnt signaling [45] . Third, the timing of changes in expression of Wnt target genes, nuclear localization of Bcat, and membrane localization of Fz7b correlate with stages in which canonical signaling predominates, though Fz7b has been implicated in both canonical and noncanonical Wnt pathway activation [43, 46] .
Canonical Wnt signaling plays a major role in NC induction [30, 47, 48 ], but we have not detected defects in NC induction in rbc3a-MO1-injected or mutant embryos. Rbc3a may only affect certain Wnt signaling pathways or Wnt family members, leading to specific downstream effects in migration but not NC induction. Alternatively, maternal rbc3a mRNA or protein may be sufficient to allow induction but not later stages of NC development.
We demonstrate that Rbc3a and V0a1 play important and novel roles in NC EMT and cell migration. Canonical Wnt signaling promotes NC EMT and delamination [10, 14] by up-regulating expression of pro-EMT transcription factors such as Gbx2 [49] , Snail2/Slug [12] , and Twist1 [13] . Our data indicate that Rbc3a and V0a1 are required for this Wnt response and suggest that they coordinate both cell signaling and cell adhesion during migration. Rbc3a and V0a1 knockdown reduce Bcat nuclear localization in premigratory NC as well as expression of pro-EMT, NC-specific Wnt targets. Snail1/2 and Twist1 promote EMT, in part by regulating expression of cell adhesion molecules, including Ecad [33] and Ncad levels [13] . We show that in addition to reductions in snail2 and twist1a expression, Rbc3a deficiency reduces ncad levels at the onset of NC migration. It also increases expression of cdh11, which normally must be down-regulated for proper NC EMT and delamination [6, 35] . Because of the close association between cadherins and Bcat, these differences in cadherin expression could be downstream of defects in Wnt signaling and pro-EMT target gene expression or could reflect defects in trafficking of cadherins directly. Either could explain the failure of rbc3a-deficient NC cells to undergo EMT, delaminate, and migrate. However, our results suggest that the reduction in canonical Wnt signaling comes first. We detect reductions in expression of canonical Wnt target genes by qPCR and in situ hybridization 2-3 h before changes in Ncad and other cadherins' (Ecad, Cdh11) expression in rbc3a-MO1-injected embryos. In addition, nuclear localization of Bcat protein is reduced relative to its levels in membrane/cytoplasm in rbc3a-MO1-injected embryos at 11 hpf, prior to any differences in abundance or membrane versus cytoplasmic localization of Ncad protein.
Cells undergoing EMT and migration require the regulated function of several intertwined cellular processes: endocytosis, signal transduction, and cell adhesion molecule localization. Rbc3a and V0a1 provide a novel link between all of these processes in NC development. Although previous work has shown the importance of Rbc3a in Notch signaling, we propose a novel role for Rbc3a in Wnt signaling in NC cells, as well as a more general role in EMT and cell migration through the recruitment of V0a1. The yeast orthologues of Rbc3a and Rbc3b simply promote the association of the V0 and V1 units of the v-ATPase and its function in acidification [50] . In multicellular organisms, Rbc3a may have gained a role driving the association of specific vATPase subunit isoforms and other adaptor proteins in specialized cell types and specific cellular transitions. Rbc3a is expressed in multiple migratory cell types in the zebrafish and other species, and Rbc3a's potential role in EMT/migration may serve as a new avenue of developmental biological investigation as well as a therapeutic target in cancer metastasis.
Materials and Methods
Zebrafish
Zebrafish embryos were obtained from natural breeding, raised, and staged as described previously [51] . Stardust mutants heterozygous for the rbc3a Q850X allele were obtained from the Nicolson laboratory [26] . Transgenic lines containing a 7.2 kb region of the sox10 promoter driving expression of cytoplasmic gfp [29] or plasma-membrane localized lyn-gfp and lyn-tdTomato were used to visualize NC cells [Tg(7.2 kb-sox10:gfp), Tg(7.2 kb-sox10:lyn-gfp), and Tg(7.2 kb-sox10:lyn-tdTomato), respectively].The Wnt reporter line, Tg(7xTCF-Xla.Siam:GFP) ia , was obtained from the Dorsky laboratory [45] .
Cloning of Rbc3a
To obtain full-length rbc3a, portions of the predicted ORF were subcloned using the TOPO TA Cloning Kit (Invitrogen) and sequenced. The full-length sequence was assembled with Lasergene SeqMan, and rbc3a with 59 KpnI and 39 NotI restriction sites was amplified from a 24 hpf cDNA library using rbc3a KpnI F and rbc3a NotI R primers, digested, and cloned into the KpnI and NotI sites of the Gateway #237 pME-MCS vector and then recom- bined with the p5E-CMV/Sp6 and p3E-MTpA vectors into the pDestination vector #393 Tol2CG.
Microinjections
Antisense morpholino oligonucleotides (MOs) targeting the rbc3a 59 untranslated region (rbc3a-MO1), translation start site (rbc3a-MO2), and the previously described atp6v0a1 intron/exon boundary (v0a1-MO [27] ) were purchased from Gene Tools and dissolved in 16Danieau buffer for injection. For MO experiments, 1-3 ng of rbc3a-MO1/embryo, 5 ng of rbc3a-MO2/embryo, or 4 ng of v0a1-MO/embryo was injected into one-to four-cell-stage embryos along with 1 ng p53-MO/embryo to inhibit nonspecific cell death.
Unless otherwise noted, all Rbc3a knockdown experiments were performed with rbc3a-MO1. See Table S2 for MO sequences. For RNA injection experiments, the full-length ORFs of rbc3a in Tol2CG or zebrafish frizzled7b-YFP (fz7-yfp) pCS2+ construct [32] were translated using mMessage mMachine kit (Ambion) and injected at the one-cell stage. A pCMVSPORT6 DNA vector containing a shortened ORF of Xenopus rbc3a (Open Biosystems, Accession No. BC127555) was injected at the one-cell stage.
Genotyping of rbc3a Q850X Mutants
Mutants were incrossed and embryos were sorted by morphological phenotype. Genomic DNA was isolated from individual 
RNA in Situ Hybridization and Immunohistochemistry
Whole mount RNA in situ hybridization was performed as previously described [52] . Probes used for NC cell analysis included sox10, mitfa, gch, dlx2a, snai2, gbx2, axin2, twist1a, and foxd3 [53] . rbc3a probe template was amplified from 24 hpf cDNA with rbc3a probe F and R primers (see Table S3 ) and probe synthesized with T7 RNA polymerase and hybridized as previously described [54] .
Zebrafish N-cadherin (Ncad) polyclonal antibody was generated by GeneTex in rabbit using the region between amino acids 440 and 729 (Accession No. AAI33732). Staining conditions and antibodies used are summarized in Table S4 . Briefly, embryos were washed in PBT (phosphate buffer saline with 0.1% Triton-X100 and 1% DMSO) after overnight fixation in 4% paraformaldehyde and blocked with 10% goat serum for at least 1 h at room temperature. Incubations with primary were performed overnight at 4uC and secondary antibody incubations were performed for 2 h at RT with extensive washing in PBT in between both incubations.
Vesicle acidification was measured by incubating embryos with 10 mM Lysotracker Red DND-99 dye (Invitrogen) in embryo medium for 1 h, washed several times, and imaged.
Phenotypic Scoring
The NC migration phenotype in live sox10:gfp embryos was scored by the presence of $3 aggregates of multiple cells in the dorsal area from the MHB to the posterior edge of the otic vesicle by 20 hpf in triplicate experiments and analyzed by Chi-squared tests. Counts of dorsal midline NC cells were scored on fixed sox10:gfp embryos stained with DAPI in the dorsal region between the MHB and otic vesicle. Particle counts of intracellular vesicles stained for EEA1, LAMP1, or Lysotracker Red were made by drawing regions of interest around sox:gfp+ cells in ImageJ of confocal images and processed with the Particle Analyzer function using a lower threshold of 262 pixels on n$7 embryos. Fz-YFP, Ncad, and Bcat subcellular localization was quantified by drawing regions of interest with identical areas at the membrane, within the cytosol, and/or nucleus of NC cells in confocal image slices of 24 hpf sox10:lyn-tdTomato-or sox10:lyn-gfp-injected embryos. The mean intensity of YFP, Ncad, and Bcat at the membrane, cytosol, and/or nucleus in individual cells was analyzed in ImageJ to quantify the intensity of staininig in different subcellular locations.
Cell Transplantation
Wild-type cells and cells injected with 2 ng rbc3a-MO1 were grafted at gastrula stages from sox10:lyn-tdtomato transgenic donors into nontransgenic hosts as previously described [9] . Embryos were selected based on NC-specific sox10:lyn-tdtomato expression and photographed at 24 hpf. NC migration defects were scored by counting aggregates of $3 cells in the dorsal midline from the MHB to the posterior edge of the otic vesicle at 24 hpf. Results were statistically analyzed by Chi-squared. Transplantation experiments were not performed with rbc3a-MO2-injected embryos.
Confocal Imaging and Movies
Confocal images were taken using an Olympus Fluoview FV1000 with a 606 oil-immersion lense and processed in ImageJ. To analyze NC cell migration, NC cells were labeled by the sox10:gfp line. Transgenic embryos were manually dechorionated, anesthetized with ethyl-m-aminobenzoate methane sulfanate, and mounted in 1% agarose in embryo medium on a coverslip and imaged. For time-lapse imaging, embryos were imaged on a Nikon Eclipse Ti spinning disk microscope equipped with a 406/1.15 WI Apo LWD objective. Approximately 40 mm z-stacks were captured at 0.5 mm intervals every 2 min for 4 h and edited in ImageJ at 7 frames/s beginning at ,13 hpf for movies.
Cell migration was assayed at the onset of cranial NC migration (,12-15 hpf) by tracking cell movements in ImageJ with Manual Tracking. Average migration speed was calculated as total distance traveled over time and directionality assayed by calculating persistence (defined as distance between initial and final positions over total distance traveled) as previously described [55] . Statistical significance was assessed by two-tailed Student's t test, a = 0.05.
Quantitative Real-Time PCR
Total RNA was isolated from embryos using Trizol reagent (Gibco/BRL). First-strand cDNA synthesis was performed on 1 mg of total RNA using oligo dT primers and Superscript III reverse transcriptase (Invitrogen). Quantitative real-time RT-PCR (qPCR) was performed using SYBR Green 1 Master PCR mix (Roche) in a LightCycler 480 System (Roche) with biological triplicates using the qPCR primer sets in Table S3 .
Statistics
Unless otherwise noted, data were compared with one-way ANOVA with a post hoc Tukey test to compare multiple means with an a = 0.05. Table S1 Similar dorsal midline aggregates of NC cells following rbc3a-MO2 injection further confirm morpholino specificity. Both control and rbc3a mRNA-injected embryos show no NC defects. In contrast, rbc3a-MO2-injected embryos display dorsal midline NC cells (85.3%) compared to control embryos (p%0.0001). Coinjection of rbc3a mRNA with rbc3a-MO2 partially rescues these NC defects (47.3%; p%0.0001).
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